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Voltage tunable two-color infrared detection
using semiconductor superlattices
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We demonstrate a voltage tunable two-color quantum-well infrared photodetector~QWIP! that
consists of multiple periods of two distinct AlGaAs/GaAs superlattices separated by AlGaAs
blocking barriers on one side and heavily doped GaAs layers on the other side. The detection peak
switches from 9.5 mm under large positive bias to 6mm under negative bias. The
background-limited temperature is 55 K for 9.5mm detection and 80 K for 6mm detection. We also
demonstrate that the corrugated-QWIP geometry is suitable for coupling normally incident light into
the detector. ©2003 American Institute of Physics.@DOI: 10.1063/1.1635981#
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Voltage tunable two-color detectors are required
many applications of infrared detection, such as remote t
perature sensing and chemical analysis. Quantum-well in
red photodetectors~QWIPs! with voltage tunable detection
peaks have received a lot of attention as these two-term
devices simplify the production of high-uniformity foca
plane arrays~FPAs!.1 Voltage tunable QWIPs developed s
far use Stark shift,2 multiple transitions in heavily doped
quantum wells~QWs!,3 multistack structures,4 or electron
transfer between coupled QWs.5 These approaches have ce
tain drawbacks, such as small tuning range,2 low detectivity,3

large temperature dependence,4 and low operating
temperature,6 respectively. Dipole transitions between ener
minibands in superlattices~SLs! have also been utilized fo
long-wavelength~LW!7–9 and mid-wavelength~MW!10 in-
frared detection. Two-color detection was recently dem
strated using a superlattice infrared photodetector~SLIP!
consisting of two distinct SLs separated by a blocki
barrier.11 This structure utilizes the low resistance of SLs a
the high resistance of the blocking barriers to avoid mos
the above-mentioned problems. Unfortunately, this origi
design contains only a single SL for each color, which lea
to low absorption at both wavelengths. In addition, two-co
FPA fabrication necessitates broadband light coupl
scheme for normal incidence absorption. One such schem
the corrugated-QWIP~C-QWIP!, which requires a thick ac
tive layer for large reflecting sidewalls.12 Therefore, multiple
units of the SL pairs are needed for constructing a sens
C-QWIP. In this letter, we propose and demonstrate a m
tiple SL structure, whose units are separated by wide lay
of heavily doped GaAs, and show that C-QWIPs are ind
capable of coupling wide range of wavelengths for two-co
detection.

a!Electronic mail: majumdar@ee.princeton.edu
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The multiple SL structure, whose single unit is sketch
in Fig. 1~a!, consists of four periods of SL pairs cladded b
thick n1-GaAs contact layers. Each SL pair comprises o
bottom SL~SL1! and a top SL~SL2! with an undoped 600 Å
thick linearly graded AlxGa12xAs barrier in the middle (x
50.22→0.4 along the growth direction!. Each SL1/graded-
barrier/SL2 unit is separated from the next unit by a 2000
n1-GaAs layer that is uniformly doped with 131018 cm23

Si donors. SL1 and SL2 are designed for 7–11mm and 4–7
mm detection, respectively. We will refer to these two dete
tion ranges as the LW and the MW range, respectively. S
contains four periods of 65 Å GaAs wells and 40
Al0.27Ga0.73As barriers while SL2 consists of four periods
40 Å GaAs wells and 30 Å Al0.4Ga0.6As barriers. The middle
35 Å of the GaAs wells in SL1 and the entire 40 Å GaA
wells in SL2 are uniformly doped with 131018 cm23 Si
donors while the barriers in both the SLs are undoped. T
whole structure was grown on a~100! semi-insulating GaAs
substrate by molecular-beam epitaxy.

The calculated conduction band diagram and energy
els of one period of the SLIP device at zero bias are show
Fig. 1~b!. Both short-period SLs give rise to minibandsM1

andM2 that each contain four energy levels,E1 throughE4 .
For the nominal doping densities, all four levels inM1 of
SL1 and the first three levels inM1 of SL2 are occupied.
When infrared radiation is coupled into the detector, tran
tions from the occupied states inM1 to the empty states in
M2 in both SLs give rise to infrared absorption. Transition
such as,M1-E1→M2-E4 and M1-E4→M2-E1 , carry most
of the oscillator strength because they conserve momen
along the SL direction. Although stand-alone SLs absorb
frared radiation, their current levels do not change noticea
upon illumination because electrons are equally conduc
in both M1 andM2 minibands. The introduction of the 60
Å thick graded AlGaAs barrier between SL1 and SL2 forbi
0 © 2003 American Institute of Physics
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conduction viaM1 in one of the directions, and hence, lea
to a photocurrent from the respective SLs. Under large p
tive bias applied to the top contact@Fig. 1~d!#, the conduction
of electrons inM1 of SL1 is blocked, and hence, the increa
in current flow throughM2 of SL1 in the presence of ligh
produces a photocurrent. This situation is reversed un
negative bias@Fig. 1~c!# with SL2 giving rise to a photocur
rent. The different absorption wavelengths in the two S
thus provide a physical mechanism for voltage tunable tw
color detection with SL1 producing a LW photocurrentI LW

under large positive bias and SL2 a MW photocurrentI MW

under negative bias.
To build a multiple SL structure, it is important to realiz

that the conduction ofM1 electrons in SL1 under negativ
bias will eventually be blocked by the thick barrier at t
next unit on the left-hand side in Fig. 1~c!. If the LW photo-
electrons from SL1 are able to pass through that thick bar
they will createI LW in the next stage, which is in addition t
I MW in the present stage due to SL2. Both wavelengths
then be detected under the same bias, which is undesir
for the present application. The above-described situa
also applies to SL2 under positive bias. Therefore, it is
portant to isolate the transport of photoelectrons, which
high-energy electrons, between adjacent units. To ach
this goal, a 2000 Å widen1-GaAs region is inserted be
tween the units as a hot-electron blocking layer.13,14With this
layer, the LW photoelectrons under negative bias lose
their energy before reaching the next unit, and hence,
not give rise toI LW . The same is true for MW photoelectron
under positive bias. From this discussion, it is clear that
present detector relies on two types of blocking layers
achieve voltage tunable operation: A thick barrier for lo
energy electrons and a thick doped layer for high-ene
electrons.

We now present results from 45°-edge coupled devi
that were processed for standard detector characteriza
Spectral responsivityR of these detectors was measured
the 10–65 and 10–100 K temperature ranges for posi
and negative bias, respectively. As sketched in the inse
Fig. 2, we apply bias voltageVb to the top contact while

FIG. 1. ~a! Layer structure of the two-color SLIP. The conduction-ba
diagram and energy levels of the SLIP at bias voltageVb50 V ~b!, 20.8 V
~c!, and 0.8 V~d!. M1 andM2 are the first and second minibands andEF is
the Fermi level. The dashed arrows indicate the shortest and the lon
possible miniband-to-miniband transitions in~c! SL2 that give rise to MW
photocurrentI MW , and~d! SL1 that produce LW photocurrentI LW .
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keeping the bottom one grounded and measure photocu
using standard ac lock-in techniques. A plot ofR of a typical
detector at temperatureT510 K is shown in Fig. 2. As ex-
pected, LW photoresponse is observed under large pos
bias while MW response is observed under negative bia

For positive biasVb.0.35 V, the LW response is broa
and is peaked atlp59.5mm with a 10.3mm cutoff wave-
length. In addition, two shoulders are observed at 7.15
8.2 mm. These three peaks are due to theM1-E1→M2-E4 ,
M1-E2→M2-E3 , and M1-E3→M2-E2 transitions in SL1.
The absence of a fourth peak expected at;10.5 mm indi-
cates that the energy levelM1-E4 is empty, which we at-
tribute to lower effective doping in SL2 than the intend
value.15 At lower bias, the LW response peak shifts to shor
wavelengths, first to lp58.2mm and then to lp

57.15mm. The wavelength shift is due to the higher effe
tive barrier height at the tip of the graded barrier at low
bias. The existence of a build-in field at the graded bar
also creates a MW photovoltaic response between 0 and
V, leading to the observation of both wavelengths within th
bias range. This observation is in agreement with the
pected value ofVb50.42 V when the electric field in the
graded barrier reverses direction. The LW response has
ligible T dependence and decreases by;5% asT is raised
from 10 to 65 K.

The MW response is peaked atlp56 mm under nega-
tive bias and vanishes forVb.0.5 V, which is consistent
with the calculated energy level structure. The spectra
broad with spectral widthDl51.6mm (Dl/lp;25%). The
MW response exhibits negligibleT dependence up to 100 K
It is clear from Fig. 2 that the MW response is smaller th
the LW response. The ratio of the peak LW and MW respo
sivity is R(l59.5mm,Vb50.7 V)/R(l56 mm,Vb5
21.0 V)53.7. One should note thatR is inversely propor-
tional to the square of the transition energy, and hence,
rectly proportional tol2. The dipole matrix elements of SL1
and SL2 are very similar, and therefore,R in the LW range
should be 2.5 times larger than that in the MW range. T
observed factor of 3.7 can be attributed to the larger L
photoconductive gain. Therefore, the smaller MW respo
found in Fig. 2 is expected in our detector structure.

We measured detector dark currentI d from T54.2 to

est

FIG. 2. Spectral responsivityR of 45°-edge coupled detectors at temperatu
T510 K and bias voltageVb in the range from 0.7 to21.4 V ~top to bottom
curve!. Alternate curves are shown with solid and dashed lines for clar
Inset: Scheme for applying biasVb to and measuring photocurrentI p of an
edge-coupled detector.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp



lo

u
e
nt
m

or

d
e
e

a
P

f
e
r

e
le
W

ge

r
r i
t
th
s

ig

b
s

ro

-
lly
t
lor

-
m-
for

ts
rch
y
m-
on-

ett.

d P.

J.

ui,

ui,

tt.

and

au,

ys.

ev.

d

5132 Appl. Phys. Lett., Vol. 83, No. 25, 22 December 2003 Majumdar et al.
200 K. Some of these dark current–voltage curves are p
ted in Fig. 3 along with the window currentI w that was
generated by 300 K background radiation. The window c
rent measurement was carried out with the detector temp
ture fixed atT510 K and the background radiation incide
throughF/1.2 optics. We define the background-limited te
peratureTBLIP as the temperature whenI d5I w .1 From Fig.
3, we determined thatTBLIP555 K for 0,Vb<0.8 V for LW
detection and 80 K for20.8<Vb<0 V for MW detection.
These values ofTBLIP are comparable to those of one-col
detectors with similar cutoff wavelengths.1 We also extracted
electron activation energyEa from the T dependence ofI d

and found that these values are consistent with the band
gram sketched in Fig. 1. For instance, the deduced valu
Ea5175 meV asVb→0 V is in good agreement with th
expected value ofEa5185 meV atVb50 V.

We processed C-QWIPs to demonstrate norm
incidence photoresponse, which is necessary for F
fabrication.12 In the C-QWIP geometry@see inset of Fig. 4#,
light is normally incident on the back side of the wafer, su
fers total internal reflection at the etched sidewalls, and th
travels parallel to the QWs, leading to intersubband abso
tion. We plot R of a C-QWIP with corrugation periodP
530mm at T510 K in Fig. 4. The peak positions of th
C-QWIP spectra are similar to those of the edge-coup
detector. However, with respect to the LW response, the M
response of the C-QWIP is smaller than that of the ed
coupled detector. The ratioR(l59.5mm,Vb50.7 V)/R(l
56 mm,Vb521.0 V) is now equal to 6 instead of 3.7 fo
the edge-coupled detector. This difference needs furthe
vestigation. In addition,R of the C-QWIP is smaller than tha
of the edge-coupled detector. It is due to the fact that
present C-QWIP is a relatively flat trapezoid with a ba
width of 30 mm and an active thickness height of 1.32mm.
The projected reflecting surface is therefore very small.R is
expected to increase if thicker active material or other h
gain materials, such as InGaAs/GaAs, are used.

In conclusion, we have demonstrated a voltage tuna
two-color detector that contains multiple periods of AlGaA
GaAs superlattice pairs. The peak wavelength switches f
9.5 mm under large positive bias to 6mm under negative

FIG. 3. Bias dependence of dark current~solid lines! and background pho-
tocurrent~dashed lines! density of the two-color SLIP. The temperatureT
5100, 90, 80, 70, 55, and 40 K~top to bottom! for the dark current curves
while T510 K for the background photocurrent curve.
Downloaded 21 Sep 2005 to 129.238.237.96. Redistribution subject to AI
t-

r-
ra-

-

ia-
of

l-
A

-
n,
p-

d

-

n-

e
e

h

le
/
m

bias. The background-limited temperature is 55 K for 9.5mm
detection and 80 K for 6mm detection. We have also dem
onstrated that C-QWIPs are capable of coupling norma
incident light for this two-color application. Using differen
SL pairs, one should be able to achieve different two-co
combinations, such as, MW/LW, MW/MW, LW/LW, and
LW/very LW. Their bandwidths can also be individually ad
justed to suit a specific application. Therefore, we have de
onstrated a highly versatile two-color detection scheme
large format FPAs.
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